Traumatic brain injury (TBI) is a problem of growing public health interest with high incidence. After injury, patients are at risk for several long-term sequelae that encompass a wide array of physical and behavioral symptoms. Since conventional imaging modalities are limited in their ability to assess axonal injury or functional network connectivity, resting-state (RS) fMRI has great potential to evaluate the traumatic effect on brain network function. This technique may be particularly powerful in patients with mild TBI, who typically have minimal or no structural changes on anatomic imaging. There are several different ways to assess RS-fMRI data in order to gain insight into brain networks and connections. Well-established intrinsic brain networks in the resting state include the default mode network (DMN), 1 the anti-DMN dorsal attention network, and the sensorimotor and visual networks. There are a variety of changes in RS-fMRI in subjects after mild TBI, including changes in DMN 1 and changes in thalamocortical connectivity. Small-world network is a relatively new concept and was first introduced by Watts and Strogatz 3 to characterize system behaviors such as biological and social networks. Analogous with the small-world phenomenon, small-world network is characterized by a class of regional hubs with long-distance connections and high clustering within each hub. In this issue of Neurology ® , Pandit et al. 4 use a cutting-edge network analysis method and found that "small-world" organizational topology was different in a mixed cohort of 20 patients approximately 2 years after TBI. In particular, the posterior cingulate cortex (PCC), known as the core network hub in human brains, 5 was working less efficiently. The authors further validated their findings by showing reduced average fractional anisotropy (an MRI diffusion measure of directional diffusion, believed to represent structural white matter integrity) and poor cognitive outcome in the patients with reduced global efficiency. The MRI methods used independent component analysis, a technique to separate different sources based on the intrinsic structure of the data, to identify 2 primary brain networks at resting state, namely, the default mode and anti-DMN executive network. The authors then used graph theoretical analysis to illustrate a representative topology of 15 nodes. These fMRI results are in line with several recently published articles that have documented that the functional connectivity of the posterior regions, including the PCC, was reduced in an acute mild TBI patient cohort 6 and a semiacute mild TBI patient cohort.
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and changes in thalamocortical connectivity. 2 Small-world network is a relatively new concept and was first introduced by Watts and Strogatz 3 to characterize system behaviors such as biological and social networks. Analogous with the small-world phenomenon, small-world network is characterized by a class of regional hubs with long-distance connections and high clustering within each hub. In this issue of Neurology ® , Pandit et al. 4 use a cutting-edge network analysis method and found that "small-world" organizational topology was different in a mixed cohort of 20 patients approximately 2 years after TBI. In particular, the posterior cingulate cortex (PCC), known as the core network hub in human brains, 5 was working less efficiently. The authors further validated their findings by showing reduced average fractional anisotropy (an MRI diffusion measure of directional diffusion, believed to represent structural white matter integrity) and poor cognitive outcome in the patients with reduced global efficiency. The MRI methods used independent component analysis, a technique to separate different sources based on the intrinsic structure of the data, to identify 2 primary brain networks at resting state, namely, the default mode and anti-DMN executive network. The authors then used graph theoretical analysis to illustrate a representative topology of 15 nodes. These fMRI results are in line with several recently published articles that have documented that the functional connectivity of the posterior regions, including the PCC, was reduced in an acute mild TBI patient cohort 6 and a semiacute mild TBI patient cohort. Diffusion tensor imaging (DTI) results also support the current notion that axonal injury in functional brain networks contributes to cognitive dysfunction after TBI. Small-worldness computed from functional connectivity contains a wealth of functional information about the brain that is only just beginning to be tapped. Small-world organization corresponds to efficient organization of complex systems containing multiple parts. Small-worldness as measured by RS-fMRI is highly reproducible within a relatively short acquisition time (;2 minutes) 7 ; is reliably able to determine longitudinal changes in functional brain network; and, interestingly, large-scale brain functional networks have robust small-world architecture at multiple spatial scales. 8 Small-world topologic analysis has so far been applied to the study of several brain diseases including Alzheimer disease. 9 The results of Pandit et al. add to the current literature in that disruption of normal brain networks is present not only in a short follow-up time but also in chronic TBI patients.
Of note, the patient population studied in this article encompasses subjects of variable injury severity. Though it is true that this is a problem somewhat intrinsic to the study of TBI, it is possible to narrow one's scope to mild, moderate, or severe injury. It yields less specific information grouping patients with a broad range of injury severity together: namely, the effects on brain network connectivity may be quite different between moderate or severely injured individuals with focal contusions vs those with concussion given the fact that the mechanism of injury is believed to be quite different in focal hematoma and diffuse injury. For example, it would not be surprising if an individual with a right frontal contusion showed alterations in right frontal brain functional organization;
From the Department of Radiology, New York University Langone Medical Center, New York.
however, concussion may yield more widespread or bilateral changes.
Nevertheless, RS-fMRI, together with DTI, is a highly promising methodology to study small-world topology in the brain and functional organization after brain trauma. It may be particularly useful to study the effects of mild injury, because posttraumatic brain changes are difficult to detect in this particular group of patients. What exactly these observations represent, whether they be transient disorganization of brain networks, pathologic rerouting of neuronal signals, or adaptive brain plasticity, is not yet known. In addition, whether brain topologic changes can serve as an early biomarker for disease in TBI warrants further study.
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